(4.4 traps/ha) to control M. okinawensis in sugarcane fields (24.75 ha) in Yomitan village, Okinawa Island, which was conducted from 1985 to 1989. Since then, mass trapping has been conducted to control the click beetle in various regions, with trap densities of 1 trap/1-1.5 ha (Nakamori and Kawamura, 1997) . Despite more than ten years of control effort by mass trapping on several islands, ratooning failures caused by wireworm attacks continued to be a significant problem (Nakamori and Kawamura, 1997) .
Three possibilities were considered as reasons for the low effectiveness of mass trapping on the control of M. okinawensis: 1) insufficient trap density, 2) insufficient male removal, and/or 3) invasion of gravid females from outside the test area. There were several problems in assessing the effect of control, which had been evaluated only through the total number of male trap catches without surveying the male removal rate and female mating rate; thus, we could not accurately evaluate the effect of mass trapping on the reduction of the click beetle population.
Therefore, we examined the feasibility of mass trapping on the control of M. okinawensis on an island isolated by the sea in a 6-year test, with as many traps as possible. To evaluate the control effect, the following three factors related to the mass trapping method were evaluated with the mark and recapture method: 1) dispersal distance (see Kishita et al., 2003; Yamamura et al., 2003) , 2) absolute density of male beetles, and 3) removal rate of male beetles. Furthermore, the mating rate of wild females was surveyed through hand collection.
MATERIALS AND METHODS
Experiment area. Experiments were started on Ikei (158 ha) and Miyagi (552 ha) Islands, Uruma City, Okinawa, Japan in April 2000. These islands are about 12 km away from Okinawa Island, isolated by the sea but connected by a road and bridges ( Fig. 1) . Arable land in Ikei and Miyagi is 81.4 ha, and 107.0 ha, respectively. Sugarcane and tobacco are the main crops, 21.6 ha and 28.6 ha on Ikei, and 22.9 ha and 28.8 ha on Miyagi, respectively. During the experiment, the area of sugar- cane cultivation was generally constant on both Islands. The arable land on Ikei was used for mass trapping (or male annihilation) experiments and that on Miyagi as the untreated control.
We could not test the effects of treatment because there were no replications in our experimental design; however, it is generally quite difficult to provide replications in large-scale experiments to examine the effects of mass-trapping. Thus, we tentatively consider that the differences on the two islands indicate the influence of treatment.
Sex pheromone trap. The pheromone lure used for attracting male M. okinawensis was a polyethylene tube (60 cm length, 2 mm i.d.) containing 1 ml of dodecyl acetate (Tokyo Chemical Industry Co., Ltd., Tokyo). Purity was more than 95%, and lures were used without further purification. The tube lure was bent into a ring shape (9 cm diam.). A funnel trap with crossed vanes (15 cm dia.ϫ 38.5 cm ht., Trécé Inc., Salinas, Calif., USA) was attached to the pheromone tube and anchored with wire to a stick (ca. 1 cm dia.ϫ60 cm) in the ground (Fig. 2) .
Insects. The male beetles used for the mark-recapture experiments were collected using sex pheromone traps in Itoman City and Haebaru Town, Okinawa. The insects were stored in semitransparent plastic boxes (34ϫ27ϫ11.5 cm) and provided with diluted honey solution impregnated into tissue paper as food, and pieces of sugarcane leaves for shelter. About 300 beetles each were stored in each box. One day before the experiments, the pronotum and/or elytrae of beetles was marked with an oily fine-tip marker (Paint Marker, Mitsubishi Pencil Co., Ltd., Tokyo). Markings signified different release dates and sites. The marks were not lost even after insects were caught with traps. To exclude any possible effect of releasing a large number of beetles in mass trapping experiment areas, the males were sterilized by gamma rays of 60 Co at a dose of 70 or 90 Gy one day before release. This sterilization process was introduced from 2001. No significant difference has been observed in the survival rates and dispersal distances between wild and sterilized M. okinawensis males in other field experiments (Arakaki et al., unpublished data); therefore, we ignored the influence of sterilization on the estimates of populations.
Trap arrangements. Funnel-vane traps were set on the ground at 725 points in the agricultural area for the mass trapping experiment in 2000 (Fig. 3) . The trap arrangement in 2001 was modified on the basis of the trap data of 2000 (see Table 1 ). Eighthundred and seventy traps were set in the agricultural area. The other 100 or 130 traps were set at a hotel, shelterbelt and village. The trap arrangement was fixed after 2001 with minor modification in the hotel area. Among the traps in the agricultural area, 250 traps were set along a road in a lattice pattern, and were used for density estimation ( 3). Furthermore, among these 250 traps, 50 traps were also used for monitoring the seasonal occurrence of beetles, and weekly trap surveys were conducted.
On untreated Miyagi Island, 10 monitoring traps were set in the arable area (107 ha) and weekly trap surveys were conducted (Fig. 4) .
Estimations of population density. Population density and survival rate were estimated by the Petersen method, Jolly-Seber method (Seber, 1982) , Yamamura method (Yamamura et al., 1992) , and Yamamura B method (Yamamura, 2003) . Among these methods, the Jolly-Seber method is based on the least-restricted assumptions, and seems to yield the most accurate estimates in many cases. The Yamamura method uses the assumption that the population is kept constant during the experiment, while the Yamamura B method assumes that the probability of capture is kept constant during the experiment. Thus, the Yamamura method and Yamamura B method are more susceptible to fluctuations in field populations and in the capture rate, respectively. When the survival rate changed in response to the released populations, however, estimates obtained by the Yamamura method and Yamamura B method were less biased than Jolly-Seber estimates; hence, we used the three methods simultaneously. The maximum likelihood method based on hypergeometric distribution without assuming death, which is usually referred to as the Petersen method, was also used for comparison, although this method yields highly biased estimates.
Study periods in each year are shown in Table 2 . On beetle-release days, the 250 traps for density estimation were first emptied. One thousand marked beetles were released twice at two-day intervals from late March through early April from 2000 to 2005, and 2,000 were released twice in 2001. Insects were released uniformly along a road so that the marked individuals mixed well with wild insects. The numbers of marked and wild beetles captured in the 250 traps were counted at twoday intervals.
Survey of adult density and mating rate. Wild adults on the interstice between the leaf sheath and sugarcane stalk were surveyed by uncovering the leaf sheaths and capturing by hand. Crews of six searched for 20 min in several fields in each of four blocks (8.4-11.4 ha/block) on both Islands. For monitoring the weekly mating rate, wild beetles were captured at weekly intervals in 2001 and 40 N. ARAKAKI et al. a Among 250 traps, 50 were also used as monitoring traps. 2002. For yearly changes in the mating rate, wild beetles were captured in mid-April from 2000 to 2005. Sex was determined by differences in antennal length (Ohira, 1988) . Females were dissected to examine the spermatheca in the abdomen under a stereoscopic microscope.
Estimation of male removal rate. Insects were continuously removed in the field although we used discrete time models to estimate the populations. For simplicity, we consider that mortality is constant when estimating the male removal rate. Let l be the instantaneous natural mortality and d be the instantaneous mortality caused by traps. Let N be the number of cohort individuals in the field and S be the cumulative number of cohort insects captured by monitoring traps. Let w be the proportion of monitoring traps among all traps. Then we have
The solution is given by
where N 0 is the initial number of cohort individuals. The average duration of survival time is given by 1/(lϩd). This quantity becomes 1/l when there is no trap. Hence, the proportion of reduced survival time by traps is given by d/(lϩd). We define this quantity as the male removal rate, because the chance of mating will be approximately proportional to the sum of survival duration of males. Equation (4) indicates that, if we examine trap catches for sufficient duration after the release of marked individuals, an estimate of male removal rate is given by the quantity S c /(wN 0 ), where N 0 is the number of released individuals and S c is the cumulative number of recaptured individuals; however, we examined trap catches at only two and four days after the release of insects. Hence, we estimate the parameters, l and d, by using the maximum likelihood method, by assuming that the number of captured individuals follows the Poisson distribution of the predicted mean. We examined 250 of the 724 traps (experiment in 2000) or 250 of the 800 traps (experiments in 2001-2005) . These quantities were substituted for w in Eq. (4). We used statistical software, JMP, for the nonlinear maximum likelihood estimation (SAS Institute, 2005) . For convenience, we assumed that l and d remained constant across years.
Another estimation of the male removal rate was performed by using the difference in the sex ratios of beetles between the treated and untreated areas. Let d be the proportion of reduced mean survival duration of adult males by traps. We assumed that the sex ratios on Ikei and Miyagi Islands were the same if no treatment was conducted. Then, we have the following relation:
(Ratio of sum of male survival duration to sum of female survival duration on Ikei Island) ϭ(1Ϫd)ϫ(Ratio of sum of male survival duration to sum of female survival duration on Miyagi Island).
We can estimate d by replacing the sum of survival duration in Eq. (5) by the corresponding total number of individuals captured by hand, and by rearranging the equation. We can estimate SE by using the bootstrap method by resampling the date of observation (Efron and Tibshirani, 1993 We tested the difference in the annual change between two areas using a generalized linear model. We assumed that the expectation of the total number of trap catches was given by the multiplication of four factors: (Number of traps used)ϫ(Island factor)ϫ(Year factor)ϫ(Interaction between Island factor and Year factor). Then, we used a log-linear model assuming a Poisson distribution. The interaction between the Island factor and Year factor was highly significant (chi-squareϭ1,293, dfϭ5, pϽ0.001) . Thus, the annual change in the number of catches was significantly different between the two islands.
RESULTS

Seasonal fluctuation of trap catches by monitoring traps
The total numbers of beetles captured by 725 traps in the agricultural region in the treated area in 2000 was 22,701. This decreased year by year (870 traps were used from 2001), and in 2005 reached 27.6% of that in 2000 (6,723 beetles) (Fig. 7) . area by the hotel owner for reasons of security in those years.
Estimations of population density
In the Jolly-Seber, Yamamura and Petersen methods, annual estimates of population in the agricultural region on Ikei Island decreased during the study period, and in 2005 decreased by almost 90% from that in 2000. With the Yamamura B method, the 2005 estimate decreased by 67.3% of that in 2000 (Fig. 8) .
For the survival rate, the Jolly-Seber, Yamamura and Yamamura B methods yielded almost similar estimates from 2000 to 2005. The Yamamura B method produced a significantly higher estimate in 2005 ( Table 2) .
Trend of wild adults captured by hand
A total of 116 wild adults were captured by hand in the treated area in 2000, and the number of wild adults captured decreased year by year. In 2005 it was 13.8% of captured adults in 2000; however, the number of wild adults captured in the untreated area in six years did not parallel the treated area (Fig. 9) . We tested the difference in the annual change between the two areas by using a model similar to the above model. We assumed that the expectation of the number of captured adults is given by the multiplication of three factors: (Island factor)ϫ(Year factor)ϫ(Interaction between Island factor and Year factor). The interaction between Island factor and Year factor was highly significant (chi-squareϭ149, dfϭ5, pϽ0.001); thus, the annual change in the number of captured adults was significantly different between the two islands.
Mating rate
Weekly mating rates of wild click beetles collected by hand in treated and untreated areas in 2001 and 2002 are shown in Table 3 . Males were generally captured earlier than females in the early emergence period in both areas. Numbers of captured males greatly decreased from mid-or late April in the treated area, but large numbers of male captures continued in this period in the untreated area. Sex ratios were greatly biased toward females in late April in the treated area but were almost even in this period in untreated areas. Sex ratios of total beetles captured were almost even (51.8% in 2001 and 56.8 in 2002; pϾ0.05, chi-square test) in the treated area, and significantly biased toward males (39.5% in 2001; pϽ0.01, chi-square test) or slightly male biased but not significant (46.2% in 2002; pϾ0.05, chi-square test) in the untreated area. Mating rates were relatively low (33.3-76.7%) in March, but fairly high (88.2-100%) in mid-April in the treated area. In contrast, mating rates were constantly high (88.9-100%) throughout the emergence period in the untreated area.
Annual fluctuation of the sex ratio and mating rates of wild females in mid-April in treated and untreated areas is shown in Table 4 . Sex ratios were almost even (2001, 2002, 2003 and 2005, pϾ0 .05, chi-square test), or significantly female biased (2000 and 2004, pϽ0.05 and pϽ0.01, chi-square test) in the treated area but were slightly male biased or almost even in the untreated area (pϾ0.05, chi-square test). Mating rates of wild females in the treated area (80-100%) were slightly lower than those in the untreated area (97-100%). 
Estimation of male removal rate
Maximum likelihood estimates (and their 95% profile likelihood confidence intervals) of instantaneous mortality obtained from Eq. (4) were as follows: lϭ0.348 (0.216-0.520) and dϭ0.183 
DISCUSSION
The total number of beetles captured by 725 traps in the agricultural region (81.4 ha) of the treated area (Ikei Island: 81.4 ha) in 2000 was 22,701, and had decreased (870 traps were used from 2001) to 27.6% of that number by 2005 (Fig.  7) . Mean catch by 50 monitoring traps also decreased to 26.1% of initial capture during the sixyear treatment (Fig. 6) . In contrast, the mean trap catches by 10 monitoring traps in the agricultural region of the untreated area (Miyagi Island: 107.0 ha) did not decline. Trends of absolute density estimated by release-recapture experiments indicated a population decrease of about 90% from 2000 to 2005 (Fig. 8) . Furthermore, the number of wild adults collected by hand in the treated area also decreased annually to 13.8% that in 2005, while those in the control area did not exhibit such reduction. These results indicated that mass trapping with high trap density can effectively control isolated populations of M. okinawensis.
The Jolly-Seber, Yamamura, and Yamamura B methods yielded similar estimates of total populations, whereas the Petersen method produced significantly higher estimates (Fig. 8) . In the JollySeber, Yamamura and Petersen methods, population estimates decreased annually, and the 2005 estimate was about 10% of that in 2000. In the Yamamura B method, the 2005 estimate was higher than those in 2002, 2003 and 2004; therefore, it fell to about 67.3% from that in 2000. In 2005, more marked beetles (first release) were recaptured in the second survey than in the first survey. This is probably because the low temperature on the day of first release and the next day (16.2 and 16.4°C) may have suppressed the flight capacities of the beetles. On the other hand, the warm temperature on the day before the second survey (20.5°C) may have increased their flight activities, resulting in more marked beetles being recaptured in the second survey. The Yamamura B method is generally subject to large bias in this case. Population estimates in 2003 by the three methods showed greater reductions than estimates in the other years (Fig.  8) . In 2003, M. okinawensis seasonal fluctuation was such that the population estimate was performed at a time of low population level (Fig. 5) .
We defined the male removal rate as the proportion of reduced mean survival duration of males, because the chance of mating is approximately proportional to the sum of survival duration of males. We proposed two methods to estimate the male removal rate. One method (Eq. (4)) uses the number of removed cohort insects. This method is suitable for mark-recapture experiments where the time-series of removal of released insects is recorded. The other method (Eq. (5)) uses the difference in the sex ratios between treated and untreated fields. The male removal rate estimated from Eq. (4) was 0.345. The male removal rate estimated from Eq. (5) was 0.319. Thus, Eqs. (4) and (5) yielded similar estimates of male removal rate, although these equations use quite different information.
The estimated mean and median of cumulative dispersal distances of M. okinawensis during 4 days were 130.1 m and 87.7 m, respectively . The half distance between adjacent traps is sufficiently smaller than the median dispersal distance (Fig. 3) ; therefore, we consider that there is no refuge free from the effect of the synthesized sex pheromone. However, the estimated male removal rate was not high enough, as stated above; thus, the capture efficiency of each trap seemed insufficient, although the density of traps may be appropriate.
The great reduction in yearly trap catches and the fairly high mating rates of wild females captured by hand in the treated area seem inconsistent (Tables 3 and 4) . Two possibilities may be considered: 1) mating rates of captured females do not represent those of the whole population in the treated area, 2) even though wild females achieved higher mating rates, other effects may have suppressed the click beetle population in the treated area. The patchy distribution of click beetles and surveyors' potential to search consistently may be the cause of the observed high mating rates of wild females. Even in the treated area, patchy distribution was observed on the field and small-plot scales. Most surveyors first searched for beetles randomly, but once they captured a beetle in a plot, they tended to subsequently concentrate their search efforts around that area. Most females collected at such sites are highly likely to mate owing to the relatively higher density of the beetles. A second possibility for the disparity between capture and mating rate is delayed mating caused by large numbers of pheromone lures in the treated area, resulting in deleterious effects on reproduction. Mat-ing rates of females were low in March and became high in mid-April in the treated area while they were constantly high throughout that period in the untreated area (Table 3) . This suggested that mating delay would have occurred in the click beetle population in the treated area. Several studies have shown that even the pheromone-treated area suffered minimal crop damage, but significant mating may still occur (Welter et al., 2005) . Proposed alternative mechanisms focused on the effects of delaying mating rather than its complete suppression (Wakamura et al., 1975; Kiritani and Kanoh, 1984; Fadamiro and Baker, 1999; Jones and AiharaSasaki, 2001 ). These studies demonstrated that delayed mating of the pheromone-based control apparently resulted in depressed egg-laying and increased egg sterility. All dissected female M. okinawensis had fully matured eggs in their abdomen in the early period of emergence from the ground (Arakaki, unpublished data). The effect of mating delay on the reproduction of M. okinawensis should be a future topic for investigation.
In a 5-year M. okinawensis mass trapping experiment by Nagamine and Kinjo (1990) , two-year cyclic fluctuations, increased trap catches in evennumbered years and decreased trap catches in oddnumbered years were observed. These authors suspected that a two-year life cycle could be dominant in the M. okinawensis population on Okinawa Island, but no such cyclic fluctuations of captured males were observed in our data from monitoring traps on Ikei and Miyagi Islands. Setokuchi (1990) reported that, in the population of M. okinawensis on Amami-Ooshima Island, two-and three-year cycles occurred at similar ratios (1 : 1). In our rearing experiment of M. okinawensis larvae, the threeyear cycle was commoner than the two-year cycle (Arakaki, unpublished data). If the M. okinawensis population comprises two-and three-year cycles at a certain ratio, the control effect would not appear only two years later, as reported by Nagamine and Kinjo (1990) but would appear two and three years later as overlapping effects of multiple-year controls. That the population on Ikei Island decreased every year under the control effort may support this discussion.
